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Abstract
Insecticide resistance survey is an in-situ biomonitoring method to assess potential impact of pesticides that exhibit direct eco-
nomic consequences when leading to control failure of insect pest species. Nonetheless, the latter phenomenon is frequently 
neglected. Their spatial dependence and mapping are also seldom considered and when complexes of related pest species are 
involved, such as the rice stink bugs from the Neotropics, Oebalus poecilus, and O. ypsilongriseus, the scenario is even worst. 
Insecticide use is common against both species, particularly with the neonicotinoid thiamethoxam, and despite suspicion of 
a shift in O. poecilus historical dominance and complaints of control failure, the role of this insecticide in this context was 
never tested. Thus, we screened populations from both species for thiamethoxam resistance within rice fields from central 
Brazil. The levels of thiamethoxam resistance and control failure likelihood were recorded and their spatial dependence was 
tested and geographically mapped. The thiamethoxam potency was similar between species, which also exhibited overlapping 
levels of resistance. Thus, this insecticide does not seem involved in eventual shifts in species dominance and the occurrence 
of O. ypsilongriseus is frequent. Thiamethoxam resistance was detected in both species, nearly half of the populations of O. 
poecilus and about a third of O. ypsilongriseus, but at low levels (< ten-fold). As a consequence, the risk of control failure 
with thiamethoxam was also low. Spatial dependence was significant for both species and phenomena (i.e., thiamethoxam 
resistance and control failure), prevailing in about the same area and likely reflecting the local pattern of insecticide use.
Keywords Insecticide use · Pest management · Insecticide resistance monitoring · Neonicotinoids · Neotropical rice · 
Spatial survey
Key message
• Insecticide resistance and control failure are particularly 
important in related co-occurring species
• Spatial prevalence of the rice stink bugs Oebalus poeci-
lus and O. ypsilongriseus were studied
• Thiamethoxam resistance and risk of control failure in 
both rice stink bugs were also assessed
• No spatial prevalence exists and levels of thiamethoxam 
resistance were similar in both species
• The levels of resistance were low, although frequent, and 
the risk of control failure was also low
Introduction
Out of sight, out of mind is a common enough notion since 
its alleged 15th-century conception by the German-Dutch 
canon Thomas à Kempis. Regardless, it is suitable enough 
for two contexts of environmental and economic signifi-
cance. The first is the concept of insecticide control failure, 
which is a core consequence of insecticide resistance, but is 
usually neglected or confounded with the latter. The second 
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is that of neglected pest species complexes where one of the 
species overshadows the other in its perceived importance 
without a clear rational. Such is the case of rice stink bugs 
in the US and Neotropical America, a species complex that, 
in itself, is frequently and unduly relegated.
Insecticide resistance is a phenomenon resulting from 
local selection by insecticide application usually aimed at 
protection against pest species (Crow and Kimura 1960; 
Sawicki 1987), as a microevolutionary response to withstand 
this ubiquitous anthropogenic disturbance. The surveying 
of the phenomenon is an important strategy for in situ bio-
monitoring of environmental impact allowing the tracking 
of changes in the genetic makeup of the exposed (insect) 
population (Hopkins 1998; Walker et al. 2001). However, 
insecticide resistance also exhibits practical importance 
as a common economic and management concern since it 
frequently leads to increase insecticide use, higher control 
costs, and eventual insecticide control failure. The latter pos-
sibility is likely a reason why both phenomena–insecticide 
resistance and control failure, are frequently mixed with 
assessments focusing on the first, and leading to the neglect 
of the second (Guedes 2017).
Insecticide control failure is the significant reduction of 
insecticide efficacy, preventing it from reaching the expected 
level of control when used following the label rate (Guedes 
2017). Thus, insecticide resistance is one of the potential 
causes of control failure, but such relationship requires 
proper testing as even existing resistance may not necessarily 
compromise control if in relatively lower levels (e.g., lower 
than tenfold in most cases) and lower frequency of incidence 
(e.g., < 10%) (Roush and Miller 1986; Scott 1990, Guedes 
2017). Furthermore, factors other than insecticide resistance 
may also lead to control failure (Guedes 2017). Therefore, 
assessing both insecticide resistance and control failure with 
suitable methods adds value to the determinations, which is 
meriting growing of attention (e.g., Roditakis et al. 2018; 
Silva et al. 2019; Leite et al. 2020; Li et al. 2020).
Control failure is not a sole target of neglect, and such 
inattention is even more worrisome when species complexes 
are considered; if also neglected (pest) species, all the worst. 
Such is the case of rice stink bugs in the Americas. These 
pest species are all of the genus Oebalus and are primar-
ily Neotropical in their distribution although three species 
do occur in the US–Oebalus pugnax (Fabricius), O. insu-
laris (Stål), and O. ypsilongriseus (De Geer) (McPherson 
and Bundy 2018). The latter two are of recent introduction 
in the US with potential to become invasive (Cherry et al. 
1998; Awuni et al. 2015; Vanweelden et al. 2020). A fourth 
species, O. poecilus (Dallas), is the historically prevalent 
late-season rice pest in flooded irrigated rice in Brazil, while 
O. ypsilongriseus is a more recent concern initially directed 
to upland rice (Ferreira et al. 2001). Nonetheless, both spe-
cies are recently observed in all rice-growing regions of the 
country in both upland and flooded irrigated fields (Ferreira 
et al. 2001; Weber et al. 2020). Their damage level is alleg-
edly associated with the cultivation system, pest population 
density, and rice spikelet developmental stage (Ferreira et al. 
2002; Fragoso et al. 2011; Krinski and Foerster 2017).
Records of the establishment of O. ypsilongriseus in 
Brazil and particularly in regions of O. poecilus prevalence 
are not available, and their relative importance was not yet 
determined. The prevailing notion is that O. ypsilongriseus 
is invasive in flooded rice, but O. poecilus seems also to be 
expanding its range to upland rice and even infesting rice 
fields edging the Amazon rainforest (Ferreira et al. 2001; 
Krinski and Foerster 2017). However, both species co-occur 
and their hybridization is possible, although not yet assessed. 
This possibility adds further concerns to the scenario, as 
the determinants of each species dominance and the poten-
tial impact of their hybrids remain unknown. Differences 
in damage potential and insecticide susceptibility, as these 
compounds are the frequent management tools used against 
rice stink bugs (Barrigossi 2008; Blackman et al. 2015; 
Cherry et al. 2018), are two problems potentially associated 
with related species within a complex and their potential 
hybridization (Corrêa et al. 2019). Both have economic, 
environmental, and pest management consequences (Bar-
rigossi et al. 2005; Barrigossi 2008), which motivated the 
present study.
Insecticide resistance, control failure likelihood, and 
occurrence of both species in rice fields are all spatially 
dependent phenomena although such a fact is rarely con-
sidered. The spatial component should not be ignored as it 
allows the mapping and recognition of trends and patterns 
useful for environmental and pest management minimiz-
ing insecticide distribution. Therefore, the present study 
aimed at circumventing these shortcomings assessing the 
spatial occurrence (and dependence) of both species, and 
their resistance and control failure likelihood to the neoni-
cotinoid thiamethoxam, one of the main compounds used 
against these rice stink bugs in Brazil (MAPA 2021).
The study was carried out sampling insects from four 
rice cultivation areas in central Brazil and the most densely 
sampled area encompassing two neighboring counties was 
subjected to spatial dependence assessment. We hypoth-
esized that: (i) spatial prevalence of both species is distinct, 
based on the historical perception of distinct preference to 
upland and flooded rice; (ii) thiamethoxam susceptibility 
differ between species and may play a role in their spatial 
distribution; and (iii) thiamethoxam resistance occurs in 
populations of both species and is translated into control 
failure likelihood, what may contribute to their recent over-
lap and spread.




The populations of the rice stink bugs Oebalus poecilus 
and O. ypsilongriseus were collected between 2019 and 
2020 from irrigated rice fields from central Brazil in the 
states of Goiás (three sampling sites) and Tocantins (25 
sampling sites) (Table 1; Fig. 1). The samples were all 
carried out during the rice reproductive phase after 75% 
of the panicle emergence (Rashid et al. 2006). All of the 
sampled fields, one in the county of Goianira (Goiás) and 
the remaining in the neighboring counties of Formoso do 
Araguaia and Lagoa da Confusão (Tocantins) (Fig. 1), 
were subjected to the common agriculture practices of 
the region including irrigation, fertilization, and weed 
control, but without insecticide use. The sampling was 
carried out using sweep net (38 cm diameter) in sequen-
tial sweeps directed at the upper third of the plants and at 
an angle of 180°. The collected stink bugs were stored in 
polypropylene bags (60 × 80 cm) containing a cluster of 
rice panicles and transported to the laboratory, where the 
time-mortality bioassays were carried out under controlled 
conditions. Each sampling point was georeferenced using 
cellular phone equipped with an applicative of global 
positioning system (UTM Geo Map. App., Bandung, 
Indonesia).
The neonicotinoid thiamethoxam, the main insecticide 
presently used against rice stink bugs in Brazil, was used 
in the time-mortality bioassays with a commercial formula-
tion (water-dispersible granules, 250 g a.i./Kg; Syngenta, 
São Paulo). The insecticide was used at the recommended 
label rate (150 g formulation per hectare in 200 L water, 
or 0.19 mg a.i./mL), always following the manufacturer’s 
recommendations (MAPA 2021).
Time‑mortality bioassays
The time-mortality toxicity bioassays were carried out 
at fixed concentration (i.e., the label rate) by immersing 
the rice panicles in the insecticide solution for 10 s, and 
Table 1  Identification and 
geographical coordinates of the 
sampling sites for populations 
of the rice stink bugs Oebalus 
poecilus and Oebalus 
ypsilongriseus (coded as Op 
and Oy, respectively) 
State County Sampling site Latitude Longitude Species
Goiás Goianira P34 − 16º 26′ 11.42" − 49º 23′ 45.51" Op
P35 − 16º 26′ 11.41" − 49º 23′ 45.52" Op
P36 − 16º 26′ 3.019" − 49º 23′ 44.69" Op
Tocantins Formoso do P01 − 11º 47′ 58.90" − 49º 37′ 18.83" Oy
Araguaia P02 − 12º 00′ 10.01" − 49º 40′ 51.26" Op
P03 − 11º 47′ 31.88" − 49º 41′ 11.67" Oy
P04 − 11º 54′ 53.29" − 49º 40′ 59.03" Op, Oy
P05 − 11º 57′ 11.64" − 49º 40′ 59.12" Op, Oy
P06 − 11º 58′ 47.75" − 49º 40′ 59.34" Op, Oy
P07 − 11º 53′ 50.28" − 49º 40′ 59.11" Op, Oy
P08 − 11º 29′ 10.93" − 49º 58′ 57.98" Op
P09 − 11º 29′ 40.37" − 49º 58′ 53.67" Op
P15 − 11º 58′ 52.94" − 49º 41′ 04.74" Op
P16 − 11º 58′ 17.06" − 49º 41′ 40.77" Op,Oy
P22 − 11º 58′ 18.06" − 49º 41′ 08.11" Op
P24 − 11º 57′ 42.25" − 49º 40′ 59.18" Op, Oy
P25 − 11º 57′ 09.25" − 49º 41′ 45.93" Oy
P26 − 11º 56′ 35.06" − 49º 41′ 30.65" Op, Oy
P27 − 11º 50′ 23.83" − 49º 39′ 01.01" Oy
P28 − 11º 51′ 19.24" − 49º 41′ 11.85" Oy
P29 − 11º 46′ 06.07" − 49º 44′ 21.13" Oy
P39 − 11º 47′ 15.86" − 49º 41′ 37.12" Op
P42 − 11º 46′ 05.95" − 49º 43′15.69" Op
P50 − 11º 27′ 46.81" − 49º 58′ 40.04" Op
P51 − 11º 28′ 43.05" − 49º 59′ 32.91" Op
Lagoa da Confusão P31 − 10º 55′ 17.03" − 49º 51′ 42.35" Oy
P32 − 10º 54′ 12.67" − 49º 52′ 27.79" Op, Oy
P33 − 10º 48′ 21.37" − 49º 45′ 07.33" Op, Oy
 Journal of Pest Science
1 3
subsequently letting them dry at the environmental tempera-
ture. After a 4 h acclimation period in laboratory conditions, 
groups between 10 and 20 adults collected from each field 
population were transferred to 500 mL transparent plastic 
containers containing two standardized rice panicles previ-
ously treated with thiamethoxam (except for the untreated 
control treatment where only water was used). Insect mor-
tality was recorded every 15 min during the first hour, then 
every hour for eight hours, at every two hours subsequently 
until 12 h, and finally every four hours until reaching 24-h 
exposure. The insects were considered dead when unable 
to move when prodded with a fine hair brush (Miller et al. 
2010). Each bioassay was replicated three times for each 
insect population obtained from each sampling site.
Control failure likelihood
Final mortality after 24 h exposure was recorded using the 
same methods described for the time-mortality bioassays, 
but with this single exposure time and the same insecticide 
concentration (i.e., the label rate). Again, untreated controls 
were used for each population to correct for natural mortal-
ity (Abbott 1925). Insect mortality was recorded and used 
to calculate the control failure likelihood (CFL) under thia-
methoxam use, using the formula CFL = 100—[(observed 
and corrected mortality (%) × 100)/expected mortality (%)] 
(Guedes 2017). The expected mortality was 80% following 
the guidelines of the Brazilian Ministry of Agriculture of a 
minimum threshold of efficacy for conventional insecticides 
(MAPA 1995). CFL values below zero were considered as 
negligible risk (or control failure likelihood) and equaled to 
zero as minimum value.
Statistical analyses
The differences in sampling site occurrence and co-occur-
rence of both species of rice stink bugs were tested using 
qui-square contingency table (2 × 2; P < 0.05) (FREQ pro-
cedure, SAS; SAS Institute, Cary, NC, USA). In addition, 
eventual prevalence of a given species or their simultaneous 
occurrence was tested by Kruskal–Wallis (P < 0.05) (NPAR-
1WAY procedure; SAS, SAS Institute, Cary, NC, USA).
The time-mortality data were subjected to probit analysis 
to assess thiamethoxam toxicity for each population sam-
pled and tested using the modified protocol to account for 
repeated measures in time using Mathematica (Wolfram 
Mathematica 9, Champaign, IL, USA; Throne et al. 1995). 
Resistance ratios were estimated based on the 2nd most 
susceptible population and using the Relpot protocol (from 
Mathematica 9); this was done because one population from 
each species exhibited unusually high susceptibility to thia-
methoxan not allowing proper estimation of their respective 
 LT50s and derived resistance ratios. The resistance ratios at 
median lethal time  (LT50) were considered significant when 
the 95% confidence interval estimated for the ratios did not 
include the value 1 (Robertson et al. 2017). The correlation 
between resistance ratios of both populations from rice stink 
bug species in their co-occurring sites was tested to recog-
nize if such traits are associated (CORR procedure; SAS). 
The significant control failure likelihood was recognized 
by contrasting the observed mortality (after correcting for 
Fig. 1  Distribution of the sam-
pling sites of populations of the 
rice stink bugs Oebalus poecilus 
and Oebalus ypsilongriseus 
used in the spatial survey of 
thiamethoxam resistance in the 
states of Tocantins and Goiás 
(A), then in the counties of For-
moso do Araguaia and Lagoa da 
Cunfusão (B), and in the county 
of Goianira (C). Identifica-
tion for each sampling site and 
its coordinates are found in 
Table 1. The axes correspond 
to the geographical coordinates 
of each map, and also the geo-
graphical location of the sites 
depicted in Figs. 2 and 3
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natural mortality) with 80%, the minimum accepted thresh-
old of efficacy (MAPA 1995) using the one-sided Z-test at 
95% confidence level with correction for continuity (Roush 
and Miller 1986).
Geospatial analyses were carried out to estimate the spa-
tial dependence between neighboring sampling sites and 
their differences in response to thiamethoxam (both level of 
resistance and control failure likelihood). The use of regular 
kriging methods was not possible because of the relatively 
reduced number of insect samples available on the main 
stretch of rice fields extending from Formoso do Araguaia 
to Lagoa da Confusão in Tocantins. Therefore, ordinary 
cokriging was used for O. poecilus and inverse distance was 
used for O. ypsilongriseus, where the number of samples 
was smaller.
The semivariogram functions that relate spatial distance 
between sampling sites of O. poecilus and their respec-
tive difference in response to thiamethoxam were selected 
through cokriging and subsequently used for spatial map-
ping (Isaaks and Srivastava 1989). The parameters range (h), 
model contribution or partial sill (C), nugget (Co), and sill 
(C + Co) were used for the semivariogram model selection. 
Range and partial sill refer to the distance and the semi-
variance in thiamethoxam response in which a plateau is 
reached, respectively (i.e., maximum distance and response 
where spatial dependence exists). The nugget refers to the 
value in which the model intercepts the y axis and represents 
measurement error or resolution achieved. Sill refers to the 
semivariogram value in which the range is reached and pro-
vides the maximum variability in the data.
Two further parameters were obtained from these four ini-
tial ones and used for further model characterizations: pro-
portion (C/C + Co) and randomness (Co/C). Spatial depend-
ence was considered strong when proportion is higher than 
0.75 (i.e., > 0.75), moderate when between 0.25 and 0.75, 
and weak if small or equal to 0.25 (≤ 0.25). Randomness is 
the ratio between nugget and partial sill of a particular point 
and allows testing if the potential association between two 
data points is random or not. Isotropy or anisotropy in the 
semivariance (i.e., variability variation with spatial direction 
or not, respectively) was calculated for four horizontal direc-
tions: 0°, 45°, 90°, and 135°. The generated semivariogram 
models were subjected to cross-validation to recognize the 
best data fit (Isaaks and Srivastava 1989), and that with the 
mean error closer to zero, lowest mean square error and 
mean standard error, and standardized mean square error 
close to one was selected for spatial mapping.
Inverse distance was the technique used for spatial inter-
polation for O. ypsilongriseus, as previously mentioned, and 
the model was selected by cross-validation. The criteria used 
for such selection were the regression slope closer to one, 
intercept and mean error closer to zero and lowest possible 
mean square error. Again, the selected model was used for 
spatial interpolation, as with O. poecilus, for mapping the 
thiamethoxam resistance levels and control failure likeli-
hood. All the spatial analyses were carried out with ArcGIS 
10.5 (ESRI, Redlands, CA).
Results
Species occurrence of rice stink bugs
Rice stink bugs were collected in 28 sampling sites stretch-
ing into two counties in the State of Tocantins, and one 
county in the State of Goiás. The overall frequency of site 
occurrence of both species, and lack thereof, did not vary 
significantly (χ2 = 3.12, P = 0.08) with rice stink bugs col-
lected in about half of the sampling sites (51%). The Kruskal 
Wallis test to recognize eventual prevalence of a given spe-
cies, or their co-occurrence, also did not indicate significant 
differences between occurrence of each individual stink 
bug species and their co-occurrence (H = 2.00, P = 0.37). 
These results indicate lack of prevalence of either species 
or their distribution seems independent from one another 
with O. poecilus occurring alone in 43% of the samples, 
O. ypsilongriseus occurring alone in 25% and they are both 
co-occurring in 32% of the samples.
Thiamethoxam species susceptibility
The time-mortality probit model used with correction for 
successive observations through time was suitable based 
on the goodness-of-fit values obtained (χ2 < 8.28, P > 0.05), 
allowing the estimate of the desired toxicological end-
point–the median lethal times  (LT50) and the subsequent 
resistance ratios and their respective 95% confidence inter-
vals. The insecticide potency and thus efficacy was similar 
for both species when the pooled data of every population 
sampled was considered with ratio of 1.24 between them 
and 95% confidence interval encompassing the value of one 
(0.13–2.85) (Table 2).
Thiamethoxam resistance within species
The insect populations of each species did vary in their sus-
ceptibility to thiamethoxam, but they either were susceptible 
or exhibit low levels of resistance (i.e., < tenfold) (Table 2). 
The frequency of thiamethoxam resistance among popula-
tions of O. poecilus was 52.38%, while for O. ypsilongri-
seus the frequency of resistant populations was 37.50%. The 
highest level of resistance was detected for an O. poecilus 
population from Formoso do Araguaia reaching 10.75-fold 
(Table 2). The levels of thiamethoxam resistance from co-
occurring populations of both species were not significantly 
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correlated indicating their likely independence (n = 9, 
r = 0.23, P 0.55).
Thiamethoxam efficacy and control failure 
likelihood
Thiamethoxam exhibited high levels of overall efficacy 
against both species of rice stink bugs with an average 
mortality (± SE) of 97.69 ± 1.42% for O. poecilus and 
93.01 ± 2.61% for O. ypsilongriseus (Table 3). However, 
a few pointed populations did exhibit significantly lower 
efficacy incurring in significant risk of control failure with 
a single population from O. poecilus (P02 from Formoso 
do Araguaia) and two from O. ypsilongriseus (P25 and 
P28, both also from Formoso do Araguaia) in the range of 
10.40–13.80% (Table 3). The low incidence of risk of con-
trol failure with thiamethoxam prevented the testing of the 
association between thiamethoxam resistance and control 
failure likelihood.
Spatial analyses and mapping of resistance and risk 
of control failure
There was significant directionality (i.e., isotropy) in the 
spatial dependence of thiamethoxam resistance and con-
trol failure likelihood among populations of O. poecilus 
and the best semiovariogram models selected for distance 
interpolation using cokriging is presented in Table 4. The 
analyses indicated local variability and distance depend-
ence for both phenomena with prevalence of problems at 
southeast (Figs. 2 and 3). Cokriging was not possible for O. 
ypsilongriseus and inverse distance was used to test spatial 
dependence among sampling sites of this species popula-
tion. The model selected through cross-validation indicated 
mean errors of 0.03 and 0.22 and root means square values 
of 1.69 and 4.81 from levels of resistance and control failure, 
respectively. Local variability for both traits does also exist 
for O. ypsilongriseus with higher incidence of thiamethoxam 
resistance and risk of control failure in the south (Figs. 3).
Discussion
Agriculture is one of the Anthropocene´s heralds, but 
the chemical signature of pesticides is a more recent 
scar in the globe (Davis 2017; Hayes and Hansen 2017; 
Arcuri and Hendlin 2019), whose onset took place with 
the extensive use of organo-synthetic compounds by the 
1940s (Davis 2017; Hayes and Hansen 2017). Nonetheless, 
pesticide usage is only one among myriad of agriculture 
practices and impacts taking place for the last century. 
Climate change, global traveling, new agricultural fron-
tiers, and biological invasions go hand-in-hand shaping 
the new epoch and interfering with species distribution, 
Fig. 2  Contour maps of the 
levels of thiamethoxam resist-
ance in populations of the rice 
stinkbugs O. poecilus and O. 
ypsilongriseus. The maps were 
generated using spatial inter-
polation and the color legend 
indicates the range of resistance 
ratios observed for the rice stink 
bugs. The axes correspond to 
the geographical coordinates 
of each map, which are also 
represented within the broader 
geographical region depicted 
in Fig. 1
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dominance, and their consequences. Rice fields in Neo-
tropical America have been affected by this scenario and 
the two existing cultivation systems, flooded and upland 
rice, are facing a further stink bug species, Oebalus ypsi-
longriseus, in addition to its previous scourge, O. poecilus. 
Again, pesticides and insecticides more particularly are 
suspected culprits in balancing this relationship in addi-
tion to climate change and other environmental changing 
conditions.
Table 2  Relative toxicity of thiamethoxam to Brazilian populations of the rice stink bugs Oebalus poecilus and Oebalus ypsilongriseus 
The asterisk in the resistance ratio indicates significant difference from the standard susceptible population when the confidence interval does 
not include the value 1, following Robertson et al. 2007
Species Sampling site No LT50(95% CI) hours Slope ± SE χ 2 Df P Resistance ratio at 
 LT50  [RR50] (95% 
CI)
O. poecilus P34 120 3.00 (2.26–3.73) 0.38 ± 0.05 5.73 4 0.16 9.38 (4.04–14.71)*
P35 120 1.05 (0.69–1.41) 0.80 ± 0.12 4.28 2 0.12 3.28 (1.28–5.29)*
P36 84 2.60 (1.94–3.25) 0.42 ± 0.05 8.28 4 0.07 8.13 (3.47–12.78)*
P02 120 3.44 (2.81–4.20) 0.44 ± 0.06 7.09 5 0.14 10.75 (4.82–16.68)*
P04 120 0.73 (0.39–1.04) 0.90 ± 0.12 0.79 2 0.67 2.31 (0.77–3.86)
P05 120 0.36 (0.12–0.56) 1.44 ± 0.26 5.52 2 0.07 1.13 (0.25–2.00)
P06 60 0.64 (0.17–1.11) 0.73 ± 0.19 0.16 2 0.92 2.00 (0.37–3.63)
P07 80 1.26 (1.04–1.48) 1.29 ± 0.15 1.20 3 0.48 3.94 (1.79–6.08)*
P08 100 0.37 (0.26–0.46) 3.03 ± 0.41 0.27 2 0.80 1.16 (0.49–1.83)
P09 80 1.09 (0.87–1.31) 1.32 ± 0.16 2.45 2 0.29 3.41 (1.52–5.29)*
P15 120 0.04 (0.00–0.32) 1.10 ± 0.30 0.90 2 0.54 0.13 (0.00–1.21)
P16 120 0.32 (0.12–0.47) 1.82 ± 0.30 1.59 2 0.45 1.00
P22 54 0.98 (0.57–1.37) 1.05 ± 0.20 5.22 2 0.07 3.06 (1.10–5.02)*
P24 90 0.95 (0.65–1.22) 1.02 ± 0.15 5.54 2 0.06 2.97 (1.21–4.73)*
P26 44 0.51 (0.18–0.79) 1.69 ± 0.43 1.68 2 0.43 1.59 (0.43–2.76)
P39 87 1.85 (0.87–2.73) 0.31 ± 0.04 2.39 4 0.36 5.78 (1.68–9.88)*
P42 50 0.79 (0.49–1.16) 1.76 ± 0.48 3.16 2 0.21 2.47 (0.91–4.02)
P50 53 2.08 (0.82–3.33) 0.41 ± 0.10 8.03 4 0.07 6.50 (1.65–11.35)*
P51 120 1.85 (0.41–3.12) 0.22 ± 0.04 2.87 3 0.32 5.78 (1.08–10.48)*
P32 50 0.81 (0.24–1.31) 0.82 ± 0.18 4.95 3 0.15 2.53 (0.53–4.53)
P33 60 0.61 (0.05–1.06) 1.12 ± 0.27 0.13 3 0.27 1.91 (0.21–3.60)
O. ypsilongriseus P01 120  < 0.01 (0.00–0.00) 0.07 ± 0.02 6.67 5 0.16 0.00 (–)
P03 120 2.89 (1.23–4.23) 0.21 ± 0.04 4.58 3 0.17 5.07 (1.89–8.25)*
P04 80 1.25 (0.53–1.87) 0.44 ± 0.07 6.99 4 0.11 2.19 (0.78–3.60)
P05 120 1.22 (0.03–2.24) 0.28 ± 0.05 1.34 2 0.51 2.14 (0.14–4.14)
P06 100 1.04 (0.08–1.82) 0.36 ± 0.06 2.32 2 0.31 1.82 (0.23–3.42)
P07 120 1.42 (1.20–1.66) 1.24 ± 0.15 2.78 3 0.33 2.47 (1.43–3.51)*
P16 80 1.02 (0.57–1.41) 0.70 ± 0.09 3.25 4 0.32 1.79 (0.80–2.78)
P24 37 1.47 (0.87–2.10) 0.88 ± 0.18 1.89 2 0.39 2.58 (1.17–3.39)*
P25 90 3.18 (2.52–3.94) 0.42 ± 0.06 5.68 4 0.17 5.57 (3.10–8.05)*
P26 49 0.95 (0.42–2.10) 1.04 ± 0.39 4.48 2 0.11 1.67 (0.54–2.79)
P27 114 0.57 (0.33–0.80) 1.27 ± 0.24 4.36 2 0.11 1.00
P28 120 1.95 (1.24–2.72) 0.40 ± 0.07 5.28 4 0.19 3.44 (1.63–5.25)*
P29 62 1.10 (0.74–1.84) 1.17 ± 0.35 4.13 2 0.13 1.93 (0.88–2.97)
P31 33 1.00 (0.39–1.61) 0.91 ± 0.21 5.63 3 0.11 1.75 (0.59–2.92)
P32 31 0.58 (0.02–1.06) 1.84 ± 0.67 3.07 2 0.22 1.02 (0.27–1.76)
P33 120 1.76 (1.34–2.19) 0.66 ± 0.09 6.69 3 0.07 3.09 (1.69–4.49)*
O. poecilus Total 1852 0.86 (0.23–1.37) 0.61 ± 0.13 0.44 2 0.80 1.00
O. ypsilongriseus Total 1396 1.07 (0.70–1.70) 0.87 ± 0.23 1.31 2 0.52 1.24 (0.13–2.85)
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Table 3  Estimated thiamethoxam mortality (%) and control failure 
likelihood (%) of populations of the rice stink bugs Oebalus poecilus 
and Oebalus ypsilongriseus, using Brazilian recommended label rates
Mortalities were not significantly lower (one-sided Z-test at 95% con-
fidence level with correction for continuity; n = 80) than 80%, which 
is the minimum efficacy threshold of efficacy required by the Brazil-
ian legislation for registering an insecticide for pest control (MAPA 
1995)
Species Sampling site No Mortality [control 
failure likelihood] 
(%)
O. poecilus P34 60 100.0 [0.0]
P35 60 100.0 [0.0]
P36 60 95.0 [0.0]
P02 60 70.2 [12.3]
P04 60 100.0 [0.0]
P05 60 100.0 [0.0]
P06 40 97.4 [0.0]
P07 60 100.0 [0.0]
P08 60 100.0 [0.0]
P09 60 100.0 [0.0]
P15 60 96.7 [0.0]
P16 60 100.0 [0.0]
P22 30 100.0 [0.0]
P24 60 100.0 [0.0]
P26 24 95.6 [0.0]
P39 60 100.0 [0.0]
P42 30 100.0 [0.0]
P50 33 100.0 [0.0]
P51 60 98.3 [0.0]
P32 30 96.3 [0.0]
P33 30 100.0 [0.0]
O. ypsilongriseus P01 60 100.0 [0.0]
P03 60 100.0 [0.0]
P04 60 100.0 [0.0]
P05 60 100.0 [0.0]
P06 60 100.0 [0.0]
P07 60 98.1 [0.0]
P16 60 100.0 [0.0]
P24 20 100.0 [0.0]
P25 60 68.9 [13.8]
P26 30 82.4 [0.0]
P27 60 89.2 [0.0]
P28 60 71.7 [10.4]
P29 45 86.7 [0.0]
P31 20 100.0 [0.0]
P32 20 94.5 [0.0]
P33 60 96.7 [0.0]
O. poecilus Total 1057 97.6 [0.0]
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Our study aimed at testing three hypotheses. First, we 
tested the spatial prevalence of both stink bug species in 
flooded rice fields to assess if the historical dominance of O. 
poecilus still exists. Second, we assessed if the neonicotinoid 
thiamethoxam largely used in the area against rice insect spe-
cies plays any role in mediating eventual rice stink bug shift 
in dominance, as reported for other species (Cordeiro et al. 
2014; Guedes et al. 2016, 2017; Mohammed et al. 2019). 
Last, we assessed if thiamethoxam resistance and control 
failure likelihood as spatially dependent phenomena exists in 
populations of both stink bug species that may contribute to 
their co-existence and spread. The two first hypotheses were 
rejected based on our results, unlike the third.
The co-occurrence of both O. poecilus and O. ypsilon-
griseus was frequent in flooded rice fields and similar to 
the frequency of their isolated occurrence. This finding is 
a counterpoint to the established perception of O. poecilus 
prevalence in flooded rice, as earlier recognized (Ferreira 
et al. 2001). Some twenty years of changes in cultivation 
system and environmental conditions, including climate 
change, are reason enough for eventual range expansions 
of pest species without shortage of examples (e.g., Campos 
et al. 2017; Pantoja-Gomez et al. 2019). Even among rice 
stink bugs, the range expansion of O. ypsilongriseus and O. 
insularis to the Florida rice fields in the US and the shift in 
dominance away from O. pugnax (Cherry et al. 1998; Awuni 
et al. 2015; Vanweelden et al. 2020), the previously key rice 
pest species, are revealing and suggest that this may also be 
taking place in Brazil. The reporting of both O. poecilus and 
O. ypsilongriseus occurring and co-occurring in flooded and 
upland rice in Brazil lays further credence for this perceived 
shift in range (Ferreira et al. 2001; Weber et al. 2020), and 
growing importance of O. ypsilongriseus in flooded rice.
Insecticides are able to mediate or contribute with such 
changes in range and dominance among insect species 
(Cordeiro et al. 2014; Mohammed et al. 2019), not to men-
tion populations within species (Oliveira et al. 2007). If the 
susceptibility of both rice stink bugs species significantly 
differed, such a role would be possible. Thus, the time-mor-
tality toxicity bioassays with pooled population data of both 
species. Nonetheless, their susceptibilities to thiamethoxam 
were similar largely overlapping with one another and lead-
ing to the rejection of their potential role in determining rela-
tive dominance and/or prevalence. This finding is consist-
ent with the co-occurrence of both species on the sampled 
sites in the region, which were already an indication of this 
fact subsequently reinforced by the similar susceptibility to 
thiamethoxam. These results contrast with those of stored 
grain beetles and aphids (Cordeiro et al. 2014; Mohammed 
et al. 2019), although these were carried out comparing more 
distantly related species than both stink bug species studied 
here and in Aedes mosquitos (Alto et al. 2013).
Resistance to thiamethoxam varied among populations 
of O. poecilus and O. ypsilongriseus, but within a similar 
Fig. 3  Contour maps of the 
levels of thiamethoxam control 
failure likelihood in populations 
of the rice stinkbugs Oebalus 
poecilus and O. ypsilongriseus. 
The maps were generated using 
spatial interpolation and the 
color legend indicates the range 
of resistance ratios observed for 
the rice stink bugs. The axes 
correspond to the geographical 
coordinates of each map, which 
are also represented within the 
broader geographical region 
depicted in Fig. 1
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range and restricted at mild levels (≤ ten-fold) although 
affecting nearly half of the populations. The phenomenon 
seems independent for each species with little coincidence 
on sampling incidence where thiamethoxam resistance 
was detected for both species at the same sampling sites. 
Again, this finding reinforces the perception that this neo-
nicotinoid insecticide is not mediating the interaction, or 
lack thereof, of both species. Nonetheless, thiamethoxam 
resistance was frequent and significant, albeit low, in both 
species signaling emerging concerns regarding the future 
use of this insecticide against rice stink bugs in central 
Brazil. Estimates of control failure likelihood under thia-
methoxam use were therefore obtained indicating that such 
a risk is negligible at present although potentially requir-
ing future attention.
Beyond occurring frequency and level of thiamethoxam 
resistance in rice stink bugs, their spatial relationship and 
that of potential risk of control failure are also worthy of 
attention as these phenomena are not of general occur-
rence. Indeed spatial dependence does exist for both spe-
cies and even the limited nature of our spatial sampling 
allows the recognition of hot spots of incidence of thia-
methoxam resistance and likelihood of control failure, as 
also reported for other insect pest species (Gontijo et al. 
2013; Tuelher et al. 2017; Leite et al. 2020). These were 
higher at central and southeast for O. poecilus and at south 
for O. ypsilongriseus, which partially overlap despite the 
distinct sampled points for each species likely reflecting 
the local pattern of insecticide use (and selection). This 
spatial pattern again reinforces the apparent independent 
evolution of thiamethoxam resistance in populations of 
both species. Nonetheless, the question remains if both 
species are able to interbreed and if any is favored by the 
current prevailing conditions of rice fields in the study 
region and cultivation system, which deserves future 
attention.
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